Measurements of second-harmonic scattering (SHS) from concentrated aqueous solutions of urea are reported for the first time using scanning microscopy. SHS signal was measured as a function of solution concentration (C) over a range of saturation conditions from undersaturated (S = 0.15) to supersaturated (S = 1.86), where S = C/C sat and C sat is the saturation concentration. The results show a non-linear increase in SHS signal against concentration, with local maxima near S = 0.95 and 1.75 suggesting a change in solution structure near these points. Rayleigh scattering images indicate the presence of particles in nearly saturated (S = 0.95) urea solutions. Time-dependent SHS measurements indicate that signals originate from individual events encountered during scanning of the focal volume through the solution, consistent with second harmonic generation (SHG) from particles. SHG from aqueous dispersions of barium titanate (BaTiO 3 ) nanoparticles with diameters < 200 nm, showed signals ~20 times larger than urea solutions. The results suggest the existence of a population of semi-ordered clusters of urea that changes with solution concentration.
Introduction
Nucleation, the process of formation of a new phase from an existing phase, is of fundamental scientific interest. It is also tremendously important economically because it is used, for example, in the production of agrochemicals, cosmetics, foods, and pharmaceuticals.
Spontaneous nucleation is often referred to as primary nucleation, in contrast to secondary nucleation which requires a seed of the new phase. 1 Nucleation can also be classed as homogeneous or heterogeneous depending on whether the new phase nucleates alone or on the surface of a third body, respectively. Understanding the mechanisms of nucleation in detail would give us greater scope to explore new phases of materials with unusual properties. A major factor that hinders us from studying nucleation is its stochastic nature; we generally can't predict where or when nucleation will take place. This hindrance is further exacerbated by the small length and time-scales involved.
The longest-standing theoretical model of nucleation is classical nucleation theory. 1, 2 This model considers the free-energy change for formation of a cluster, comprised of surface energy and bulk energy terms. The theory predicts a critical cluster size beyond which spontaneous growth can be sustained. The solution can be viewed as a dynamic system where clusters continually grow and dissolve, unit by unit, until chance creates a critical cluster. Classical nucleation theory does a remarkably good job; there are several criticisms of the theory, however. One major criticism is the use of bulk thermodynamic parameters, such as interfacial tension, to describe nanoscale clusters.
Another problem is that the theory does not explicitly consider variations in cluster structure. 3 A more promising approach to nucleation theory is the two-step mechanism. 2, 3 The first step involves formation of dense regions of solute or metastable clusters, which are considered to be liquid-like and may include solvent; the second step involves structural organisation or nucleation within these dense regions. A key feature of the mechanism is the incorporation of both concentration and structure co-ordinates in the free-energy pathway to nucleation. The mechanism is much more in accord with experiments on protein nucleation. [4] [5] [6] Current experimental and computational evidence suggest that the two-step nucleation mechanism is also applicable to smallmolecule systems. 7 Both the classical and two-step theories suggest a population of clusters of solute exist in solution prior to nucleation. There is a lot of circumstantial evidence to support the existence of these clusters for small-molecule systems, such as diffusivity measurements, 8 Raman spectroscopy, 9 small-angle neutron scattering, 10 static (Rayleigh) light scattering, 11, 12 and dynamic light scattering. [13] [14] [15] Other experiments, however, suggest that clustering is not at all prevalent. 10, 16 Recently there has been much interest in the use of laser light to induce nucleation. [17] [18] [19] [20] [21] A comprehensive review of the methods and systems explored lies outside the scope of the present article, and the reader is directed elsewhere for more details. 20, 22 The method of non-photochemical laser-induced nucleation (NPLIN) is particularly interesting because it is believed to proceed without photomechanical or photochemical damage to the system. 17 NPLIN involves exposing supersaturated solutions or supercooled liquids to nanosecond-duration pulses of visible or nearinfrared laser light. [23] [24] [25] The exact mechanism for NPLIN has not been resolved. The favoured theory is that the intense electric field (~10 7 V m -1 ) at the peak of the laser pulse interacts with the polarizability of clusters of solute molecules, causing them to re-structure to become critical nuclei. 17, 19, 26 NPLIN was discovered by accident: to quote Garetz et al., 17 "Recently, while attempting to observe second harmonic generation in supersaturated solutions of urea in water, we have noticed that pulses from a Q-switched Nd:YAG laser can induce nucleation in such solutions."
The observation of nucleation under those conditions was remarkable, but distracted attention from the original aim of the work.
Second-harmonic scattering (SHS) is a non-linear optical process that doubles the frequency of light. 27 In the electric-dipole approximation, bulk second-harmonic generation (SHG) requires the incoming and outgoing photons to be phase-matched in a material with a non-zero second-order susceptibility tensor  (2) . This material is typically a single crystal from a class that is noncentrosymmetric, e.g., potassium titanyl phosphate (KTP, commonly used to convert near-infrared diode laser light to visible light in green laser pointers). Surface SHG is possible, even at the surfaces of centrosymmetric materials, due to the breaking of inversion symmetry at the interface.
The disordered, homogeneous nature of an aqueous solution would be expected to preclude bulk SHG. However, SHS may also be observed in liquids due to hyper-Rayleigh scattering (HRS), which is caused by local density and orientation fluctuations. 28, 29 There is only one known crystal polymorph of urea at ambient pressures. 30 The crystallographic space group is 1 42 P m, which is non-centrosymmetric and also second-harmonic active. 31, 32 If solute clusters do exist in solution: what is the structure of a typical cluster? Do the clusters have any ordered (e.g., crystalline) component, or are they disordered? In the case of urea, if these clusters have a crystalline component, it is very likely to be that of the known solid phase, and therefore second-harmonic active. SHS has recently been applied to monitor nucleation and growth of second-harmonic active materials. 33, 34 In order to test for the presence of clusters in aqueous (metastable) supersaturated urea solutions, we have re-visited the experiments of Garetz et al. to attempt to observe second-harmonic generation.
Experimental methods
The SHS microscope used was based on a fluorescence-lifetime imaging microscopy (FLIM) setup that has been described in detail previously. 35 The light source was a diode-pumped Collection of emission in the forward direction was investigated using a second objective. It was found that the signals obtained were fractionally lower. The reduced signal may be attributed in some part to the difficulty in aligning un-matched objectives. Laser powers reported here were those measured before the objective: 1 mW corresponds to a single pulse peak power density of ~50 GW cm -2 . active. 32, 36 To disperse the particles, 8 mg of BaTiO3 powder was added to 11.6 g of urea solution (2.72 mol kg -1 ) followed by shaking and sonication. 1.00 g of this crude stock dispersion was filtered through a 0.22-m syringe filter into 8.50 g of urea solution (1.02 mol kg -1 ). The resulting solution contained BaTiO3 nanoparticles (d < 200 nm) in 1.19 mol urea kg -1 . Successful dispersion was verified using the microscope; no further analysis was carried out.
The data collection involved integrating the time-dependent TCSPC photon counts over a fixed period. In order to measure the photon signal over a large volume of the solution, the sample was placed on a motorised XY translational stage to allow scanning. A typical scan consisted of a series of translational steps: along the X direction for 1 mm followed by a 2 m step in the Y direction, and so on. Each 1 mm step in the X direction took ~2.25 s. The depth of the focal volume into the solution was typically 100 m beyond the coverslip. The photon count was continually integrated during the scanning procedure.
Results
The microscope setup was optimized and tested using a sample of crushed, crystalline potassium dihydrogen phosphate (KDP) which gives a strong SHG response. 37 The TCSPC timedependent photon count is shown in Fig. 1 . The trace shows a very sharp response at time, t = 1 ns, which is the 400-nm second harmonic of the input pump light at 800 nm, and represents the instrument response function. The peak can be fitted using a single Gaussian function with fullwidth at half-maximum (FWHM) of 55 ps. Time-dependent photon counts obtained from water and from slightly undersaturated urea solution (S = 0.98) are shown in Fig. 2 . The water trace (2c) was obtained using the visible bandpass filter and shows no clear peak at t = 1 ns. The urea trace obtained using a narrow-pass filter at 400 nm (2a) shows a sharp peak. The peak was fitted using a single Gaussian function with FWHM of 43 ps, which is close to the value obtained for KDP ( Fig. 1) . The urea trace taken using a narrowpass filter at 458 nm (2b) shows no peak, supporting the assignment of the emission as SHS from the urea solution. The results in Fig. 2 demonstrate that, under similar conditions, a secondharmonic signal was obtained from urea solution but not from water. We conducted several tests to verify that the signal observed was consistent with SHS from the solution, and not from other sources. We verified that the total SHS signals (I2  ) from both water and from urea solution (S = 0.98) showed a quadratic dependence on incident intensity (I0), (SHS) 2 0 2 I I   . One potential artefact could be multiphoton-induced breakdown of the liquid, resulting in plasma emission at the focal volume. We would expect the plasma emission to have a similar temporal profile to SHS. We note, however, that the power densities employed here are orders of magnitude lower than would be required to cause breakdown. 38 Plasma emission was ruled out by using the interference filters to show that the emission contained a very narrow range of wavelengths at 400 nm rather than a broad band in the UV-blue region of the spectrum.
Other potential artefacts include extrinsic sources of SHG, e.g., from the coverslip, or at the coverslip-droplet or droplet-vapour interfaces. At the laser powers (P = 3.8 mW) used to obtain the traces in Fig. 2 , a small signal was observed using only water when the excitation beam was focussed directly onto the coverslip-droplet interface. Moving the focal volume into the liquid by ~20 m was sufficient to remove this signal. Raising the laser power to P = 10 mW a small signal was obtained even at ~20 m into the droplet. The signal was found to decrease with increasing depth into the droplet, and therefore we attribute it to surface SHG from the droplet-coverslip interface. All of the measurements on urea reported here were carried out at sufficient powers (P < 4.0 mW) and depths (~100 m) to avoid interference from this interfacial SHG; conditions were verified periodically throughout the experiments.
We attempted to detect SHS from both glycine and sucrose solutions. In each case a long decay signal was observed, masking any SHS, as shown in Fig. 3 . The cause of this 2-photon fluorescence is not clear, since there are no electronic states of glycine at the right energy. 39 It may be possible that fluorescence arises due to glycine aggregation at these high concentrations. We did not pursue further analysis of these systems for the present work, and in the absence of further data we attribute the emission to trace impurities in the sample used. In Fig. 4 we show results for detection of SHS from urea solutions with supersaturations ranging from S = 0.15 (undersaturated) to S = 1.86 (highly supersaturated). The signal is seen to increase with concentration up to the point of saturation (S = 0.95) and then decrease up to S = 1.35;
the signal then increases again up to S = 1.75, and drops again at the highest supersaturation (S = 1.86). Repeat measurements were made with samples tested in a random order. There were no signs of nucleation or damage to samples. The dependence of the signal on concentration does not increase monotonically, as would be expected for hyper-Rayleigh scattering, 40 and is strong evidence that the signal that we have measured is intrinsic, i.e., it originates from the structure of The influence of hyper-Rayleigh scattering was determined as follows. Scattered HRS intensity can be written as (HRS)
, where (I0) is the incident intensity and G is a constant containing geometrical and electric-field factors. 40 The HRS scattering term B 2 can be expanded as where Nurea and Nwater are the molecule number densities of urea and water, respectively. The spaceaveraged first-order hyperpolarizabilities for each molecule are given by
which represent laboratory-frame averages over the molecule-frame hyperpolarizabilities. 41 Using theoretical values of molecule-frame hyperpolarizabilities (xxz, yyz, zzz) for water 42 and for urea 43 (both have C2v symmetry) we calculated We used these values to calculate the concentration dependence of B 2 , taking into account the change in solution density with concentration. 44 The results are shown as the dashed curve in Fig. 4 ;
the curve has been scaled by a constant factor to match the experimental results at S = 0 (water).
Ignoring the arbitrary scaling factor, the overall trend in the HRS scattering model matches the increasing signal with concentration observed in the experimental data. However, at higher concentrations, the experimental SHS deviates significantly from the model.
Rayleigh scattering measurements, similar to those of Li and Ogawa on KDP and KCl solutions, 12 reveal a population of particles in urea solutions: see Fig. 5 . 45 To determine if the features in the experimental data shown in Fig. 4 could be attributed to SHG from floating particles, we lowered the data-acquisition integration time to 0.2 s, to acquire a sequence of traces while scanning through the solution. This integration time corresponds to an X displacement of 90 m. In The scan for the results in Fig. 6 took approximately 400 s to complete, and the effective distance travelled was ~0.18 m. If we assume a focal-volume width of 400 nm and depth of 600 nm, the total volume probed during the scan was 4.3 × 10 -14 m 3 . Setting an arbitrary threshold, we count 7 peaks in Fig. 5(a) . This equates to roughly 1.6 × 10 8 particles cm -3 . This estimate is comparable to that obtained by Lian et al., who measured 1.3 × 10 6 particles cm -3 for supersaturated KDP solution (S = 1.001) using Rayleigh scattering. 46 Jawor-Baczynska et al. report estimates of 10 9 particles cm -3 in their studies of supersaturated (S = 1.08) glycine solutions. 15 Our Rayleigh scattering measurements suggest densities of 2.9 × 10 8 particles cm -3 , 45 close to the value estimated here. trace was integrated as detailed in Fig. 4 . The pump-laser power was P = 3.4 mW. The total signal from summing over all 2000 traces is shown in (b). The peak at ~1 ns is the SHS signal. The results suggest that the total signal originates from individual peak events detected while scanning through the solution.
To make comparisons with particulate material that is known to be SHG-active, we carried out scanning measurements on dispersions of BaTiO3 nanoparticles. 47 In Fig. 7(a) we show a direct comparison between integrated peak photon counts for BaTiO3 and for urea solution (S = 0.98). The integration time for each trace was 10 s. Two consecutive traces taken for the urea sample are shown in Fig. 7(b) to illustrate the contribution that a single event makes to the overall signal.
Similar scans for water samples did not show spikes like those seen for BaTiO3 and urea samples.
The peaks from the BaTiO3 scan are approximately 20 times larger than those from urea. these are total counts obtained by integrating under the peak for each trace, as described in Fig. 4 . 
Discussion
The results shown in Figs 4-7 suggest that the SHS signal we observe is dominated by clusters floating in solution. At supersaturation (S = 1.0), the mole fraction of urea is x = 0.33, i.e., nearly one-third of molecules is solute; at S = 1.86, we have x = 0.61. Clusters are liable to form due to the competition between solute-solute interactions and solute-solvent (and also solventsolvent). As the concentration increases, the persistence (lifetime) and size of these clusters would be expected to increase.
The bulk SHG efficiency () of urea relative to quartz ( = 400) is similar to that of BaTiO3 ( = 130). 37 Taking the efficiency factor into account, the signal from BaTiO3 nanoparticles (d < 200 nm), is a factor of 60 larger than signals for nearly saturated urea solution. If clusters of urea do have a crystalline structure, this factor could simply be due to the smaller size of the urea particles.
For bulk SHG, considering the dependence of SHG conversion efficiency on the interaction length (L), and taking into account the cross-sectional area of the particles illuminated (), we calculate
. 48 For a particle of diameter d, ( )
2S
HG d   , and we estimate that the particles of urea would be 2.8 times smaller than the equivalent BaTiO3 particles. This is a very crude estimate, however.
The mechanism for second harmonic generation from nanoparticles is distinct from bulk SHG. Since the particle is very much smaller than the wavelength of the exciting radiation, the mechanism is analogous to HRS. The incident electric field induces local dipoles (and multipoles) in and around the nanoparticle. The contributions from the induced dipoles combine coherently to produce the resulting SHG. 49 SHG can therefore be considered as a signature of locked-in order, e.g., in particles, as compared to statistical fluctuations that result in HRS.
Bulk and surface SHG generate similar lifetimes and we are unable to assign whether SHG originates from native urea clusters or an unknown impurity. We consider each of the possible sources in turn.
(1) Bulk: For nanoparticles of non-centrosymmetric materials, bulk SHG has been demonstrated to be very efficient. 47, 50 The peak signals that we measured for urea are only 1-2 orders of magnitude lower than for SHG-active BaTiO3 nanoparticles. As outlined above, this reduction may be due to crystalline clusters of urea that are smaller than the BaTiO3 nanoparticles.
We note that full crystalline order is not required for bulk SHG: all that is required is some noncentrosymmetric orientational order from the urea molecules at these length scales. 49 Electronic structure calculations on small urea clusters (up to the septimer) show near-linear additivity in the hyperpolarizability, and also highlight the importance of contributions from hydrogen bonding. 51 The changes in SHS with concentration, shown in Fig. 4 , could originate from changes in the internal structures or number densities of semi-ordered clusters.
(2) Surface: If the core of a urea cluster is completely centrosymmetric (e.g., disordered), the bulk contribution to SHG vanishes. SHG can then take place due to the breaking of inversion symmetry at the cluster-solution interface. For a spherical cluster, the integrated surface contribution vanishes. In the present case, surface SHG could occur in two ways: (i) from nonspherical clusters or (ii) from clusters that are spherical but with an outer shell of molecules having some degree of orientational order. 52
(3) Impurities: SHG due to solid impurity particles essentially follows the mechanisms (1) and (2) above. It is possible that the impurity happens to be SHG active. Alternatively, even for spherical centrosymmteric impurities, the orientational order of urea molecules adsorbed onto the particle could produce surface SHG. 52 At the high urea concentrations employed, we would expect the surface coverage of the particles to be saturated, even at S = 0.15. Assuming that any impurities come from the urea, the SHG for either case (bulk or surface) would be expected to increase linearly with concentration, contrary to our observations ( Fig. 4) . It is always possible, however, that the impurity particles induce some order in the surrounding solution. We note that no impurities were detected in water samples prepared in an identical way.
The sources of SHG listed above share a common feature, viz. that increasing orientational order of the solute molecules increases the second harmonic scattering. At the present time it is not clear why the SHS signal ( Fig. 4 ) appears to dip in the region above S = 1.0 and again at S = 1.7.
One explanation is that we are measuring changes in the orientational order and number density of clusters, both of which change with concentration. At the point of supersaturation (S = 1.0), we might expect larger clusters to favoured. Our signal would be higher when there are many small clusters that are more frequently encountered during the scanning of the focal volume through the solution; as concentration is increased these may transform to larger clusters, which we are less likely to encounter. We might consider the changes at S = 1.0 and 1.7 as spinodal decomposition, effectively separation of a distinct phase that is metastable and disordered, and which relieves the increasing burden on the water molecules to satisfy their role as solvent.
Further work is required to support the preliminary results presented here. This could include correlating SHS with Rayleigh scattering measurements to demonstrate that the peak signals come from long-lived particles. Perhaps more-challenging will be to measure angle-dependent scattering, to separate coherent SHG scattering from incoherent HRS, and thereby to determine more details of the structure of the scattering particles.
Conclusions
In summary, we have demonstrated measurements of second-harmonic scattering (SHS) from aqueous solutions of urea using scanning microscopy. SHS was measured as a function of solute concentration ranging from S = 0.15 (undersaturated) to S = 1.86 (supersaturated). The results
show an overall increase in the SHS signal with concentration; local maxima near S = 0.95 and 1.75 suggest significant changes in the solution structure at these concentrations. Rayleigh scattering experiments indicate a population of free particles in aqueous urea solutions. Time-dependent SHS experiments revealed distinct peaks in SHS signal while scanning the focal volume through solution. These peaks are consistent with SHG from particles; similar peaks were observed when scanning through aqueous dispersions of BaTiO3 nanoparticles that are known to exhibit bulk second harmonic generation (SHG). SHG intensities from the BaTiO3 nanoparticles (diameters, d < 200 nm) were ~20 times greater than from urea solution (S = 0.98). Our experiments suggest that semi-ordered urea clusters exist in aqueous urea solutions, and that the structures and number densities of these clusters change with concentration.
